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1.1 Introduction 
ZnO nanostructures display an exceptional range of nanomorphologies and can be 
synthesised by a wide range of growth methods. Materials grown in various morphologies by 
different growth methods have differing advantages and disadvantages from the point of view 
of applications.[1] As one example, ZnO synthesised at higher temperatures using  vapour 
phase transport (VPT) results in deposited material with excellent optical emission, but 
deposition is generally over limited areas, whereas ZnO synthesised at lower temperatures 
using chemical bath deposition (CBD) results in material with characteristically poor optical 
properties such as photoluminescence (PL) emission but the growth method allows uniform 
deposition over large areas.[2,3]  
Furthermore, the many promising qualities of ZnO mean that researchers wish to 
utilise a diverse range of substrates, including flexible plastic substrates. It is generally 
unfeasible to employ growth temperatures > 4000C with plastic substrates without causing 
significant substrate damage or destruction. This issue has further spurred the interest of 
researchers in terms of the development of low temperature (< 4000C and even in some cases 
< 1000C) CBD methods.[4] ZnO nanostructures grown by such CBD methods show a range 
of morphologies but in many cases they yield well-aligned arrays of close-packed nanorods 
with diameters ~ 50 – 300 nm, regardless of the substrates type, dominated by crystal facet 
energetics and proximity effects.[4–6] 
In all cases known to the authors, while the structural properties of both VPT- and 
CBD-grown ZnO nanorods are comparably good and single crystal nanostructures are 
reported, the linear optical properties, specifically PL emission, are significantly worse for 
CBD-grown nanostructures compared to VPT-grown material. This is evidenced in a variety 
of ways in the PL such as (i) generally strong defect band to the bandedge emission ratio, (ii) 
generally far weaker PL emissions, and, very importantly (iii) very large low temperature PL 
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bound exciton linewidths (~ 10 meV).[7] While the linear optical properties such as PL 
emission intensity can be somewhat improved by annealing, the linewidths do not improve to 
anything close to the values (< 1 meV) seen in PL from nanostructures grown by VPT.[8] 
Trade-offs of this nature between linear optical properties and deposition area and scalability 
are generally found in the different growth methods of ZnO nanostructures, and their origins 
seem fundamentally linked to the key advantage of the CBD methods, low temperature 
synthesis. Thus it is difficult to envisage solutions to this problem for linear optical 
properties, since techniques such as annealing (which is at best only partially successful in 
improving the PL emission properties) themselves will lead to problems as those observed for 
high temperature growth methods due to the high temperatures involved. 
By contrast, the nonlinear properties of these nanomaterials, including third order 
nonlinearities, and the variation of these properties as a consequence of different growth 
methods, are less widely reported. For example, there is a limited number of reports of third 
harmonic generation (THG) from ZnO nanomaterials, whereas a greater number of 
publications deal with second harmonic generation (SHG) from ZnO and ZnO 
nanostructures.[9–12] Frequency conversion and other nonlinear phenomena in ZnO 
nanostructures are of importance because many application areas might benefit from UV 
generation via THG. For example ultrashort fs laser pulse characterization is rendered 
challenging due to their broadband spectrum (> 100 nm) which means that dispersive effects 
can dominate, and this in turn typically requires a sub-20 µm material path for sufficiently 
broadband phase matching. Thus, one requires very thin nonlinear crystals for this type of 
application.[13] There have been recent reports of thin nanocrystalline TiO2 films used for 
pulses down to 20 fs, which effectively demonstrates the proof of principle that for nano 
length scale deposits the normal phase-matching constraints associated with traditional bulk 
nonlinear materials are relaxed.[14] In terms of an application in a very different technology 
space, efficient UV delivery to sites inside the human body, either by coupling NIR radiation 
into the body via the “optical tissue window” wavelengths (0.7–1.1 µm) and then 
upconverting to UV, or using waveguides to couple NIR radiation to nanostructures 
embedded in tissue, and again upconverting to UV, may allow the advancement of new 
methods of spatially localised UV photodynamic therapy, down to the size of single 
cells.[15–19] Indeed CBD-grown ZnO nanorods have been used to make measurements 
within a cell.[19] However these types of applications all rely on high UV conversion 
efficiencies. 
 In this chapter PL emission and THG by both CBD-grown and VPT-grown ZnO 
nanorod samples are reported. These studies clearly show that the low temperature PL 
emission from CBD-grown samples is both weaker in intensity and broader in terms of key 
feature linewidths than that from VPT-grown samples. By contrast the THG efficiency of 
samples grown by both the high temperature and low temperature methods are comparable to 
one another, and both are much larger than THG generated at a bare quartz surface. Intensity 
dependence measurement and interferometric frequency resolved optical gating (iFROG) 
measurements are used to study the THG from both sample types.[20,21] The laser pulse 
parameters are extracted when the pulses are subjected to both high and low chirp and our 
studies indicate that ZnO nanostructures grown by low temperature methods allow excellent 
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characterization of ultrafast pulses (originally < 10 fs) and can efficiently generate THG. 
Consequently ZnO nanostructures grown by low temperature methods are excellent candidate 
materials for the technology applications discussed above. 
2.1 Experimental details 
2.1.1 ZnO nanostructure growth and structural characterization 
ZnO nanostructures were grown by both CBD (on fused silica substrates and Si (111) or Si 
(100) substrates) and by VPT (on (11-20) sapphire substrates and Si (111) or Si (100) 
substrates). 
2.1.1.1 CBD growth 
The details of the growth method employed for CBD have been given elsewhere.[2,22,23] In 
summary, substrates cleaned by sonication in acetone and ethanol were dried in a nitrogen 
stream and then coated with a ZnO seed layer via drop coating. Typically the drop coated 
seed layer was prepared by applying 3.75 µl per cm2 of substrate of a 5 mM zinc acetate in 
absolute ethanol solution for 20 seconds before a rinse with absolute ethanol and drying the 
sample with a nitrogen stream. Drop coating was normally repeated four more times and 
samples were annealed at 3500C in air for 30 min. ZnO nanorods were deposited on the 
seeded substrates using a 0.02 M zinc nitrate solution added slowly to an equal volume of 0.8 
M NaOH solution with vigorous stirring. This solution was heated to 700C and the substrates 
were then immersed in it, maintaining the temperature for 25 min, with gentle stirring. The 
substrates were then removed from the solution, washed with DI-H2O, and dried in a nitrogen 
stream. This leads to a deposit of densely packed ZnO nanorods, with a thickness of ~ 1 µm 
and an average nanorod diameter of ~ 75 nm. The nanorods are well-aligned perpendicular to 
the substrate surface. 
2.1.1.2 VPT growth 
The details of the VPT growth methods are as follows (more detail may be found in selected 
references).[2,24,25] Two methods of VPT growth were employed, one involving the seeded 
layers mentioned above, on Si substrates, and the other using an Au catalyzed vapour-liquid-
solid (VLS) process to grow ZnO nanorods on sapphire substrates. For the case of VPT on 
seeded Si substrates, we have used two methods. Firstly, nanorods were grown by VPT 
directly through a hexagonal silica template onto CBD ZnO films (prepared using a slightly 
different method to that described above, based on forced hydrolysis of zinc acetate). The 
second method used an intermediate zinc acetate chemical bath deposition through a 
hexagonal silica template to initiate nanorod growth, followed by VPT. Equal masses of 
graphite and ZnO (0.06 g) were thoroughly mixed and placed in an alumina boat. Substrates 
were placed over this mixture with the seeded side facing the source powder. The boat was 
heated to 9000C in a single zone horizontal tube furnace, with a 90 sccm Ar flow for 1 hour, 
and then cooled to room temperature. More detail on this VPT growth on seeded Si substrates 
is given in the references.[2] For the case of Au catalysed VLS-VPT three differently 
oriented sapphire substrates were utilised (c-plane (0001), a-plane (11-20) and r-plane (1-
102)). Results below are shown only for samples on a-plane (11-20) substrates with a dense 
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coverage of well-aligned nanorods of mean length ~ 0.6 µm and mean diameter ~ 70 nm. Au 
catalyst was deposited on the substrates by sputtering to yield a 3 nm thick layer. ZnO 
powder was mixed with graphite powder and growth took place in a CVD furnace with a 
horizontal quartz tube. Ar was the inert carrier gas and the furnace was heated to 900ºC and 
the growths took 30 min. More detail on this VLS-VPT growth on sapphire substrates is 
given in the references.[24,25] 
The fact that the morphologies and dimensions of the nanostructures grown by both 
CBD and VPT allows us to compare their optical behaviour without concerns that effects 
associated with different morphologies and/or dimensions would strongly affect the 
conclusions of our work. 
The samples were structurally characterized by field emission SEM (FESEM; JEOL 
JSM-6400F and Hitachi H-4100FE) and x-ray diffraction (XRD; Bruker AXS D8 Advance 
Texture Diffractometer). 
2.1.2 Linear and nonlinear optical characterisation 
PL spectra were acquired using the 325 nm line of He-Cd laser with a Bomem Hartmann & 
Braun DA8 FT spectrometer with the samples in a closed cycle cryostat (Janis Research Co. 
Inc.). THG studies were carried with a Ti:sapphire laser (Venteon Femtosecond Laser 
Technologies), pumped by a frequency doubled Nd:YAG. The temporal width, repetition rate 
and energy of the original pulses from the laser were ~ 7 fs, 80 MHz and ~ 5.25 nJ, 
respectively. The central wavelength is ~ 810 nm and the spectral bandwidth, as determined 
by the full width at half maximum (FWHM), is > 300 nm. The laser was focussed for THG 
studies with a beam waist of ~ 4 µm, giving a peak intensity of ~ 1.5 x 1012 Wcm-2 in the case 
of the direct beam. iFROG measurements were made with a home-built system, using a 
Michelson interferometer configuration where one mirror is controlled by a piezoelectric 
controller (step size = 35 nm). Pulses from the two arms of the interferometer are recombined 
with varying delays and are focussed on the samples, as described above. The THG signal is 
separated, and residual pump radiation removed, by a THG reflecting mirror and an 
interference filter. The THG signal is analysed with an EMCCD-based spectrometer 
(Newton, Andor Technology, the EMCCD was cooled to −750C by a Peltier cooler). All 
THG experiments were carried out at room temperature. The interferometer mirror motion 
and the spectral data capture were synchronized using in-house LabView-based software. 
Further analysis of the iFROG data was performed using Femtosoft software (Femtosoft 
Technologies, FROG 3.0) following Fourier filtering which is used to extract normal 
frequency resolved optical gating (FROG) data.[20] 
3.1 Experimental results and discussion 
3.1.1 ZnO nanostructure growth and structural characterization 
Figure 1 (a) shows 450 tilted-view FESEM data of the CBD grown deposit on fused silica, 
showing a densely packed ZnO nanorod film with a thickness of ~ 1 µm (and the inset shows 
a cross-sectional view) with an average nanorod diameter of ~ 75 nm. The nanorods are well-
aligned normal to the substrate. Figure 1 (b) shows FESEM data for the VPT-grown ZnO 
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nanorod sample on sapphire. XRD data (not shown) confirm the crystalline ZnO phase in all 
cases. 
 
 
Fig. 1. (a) 450 tilted-view FESEM image of CBD-grown ZnO nanorod sample on fused silica 
(inset shows a cross-sectional view); (b) 450 tilted-view FESEM image of VPT-grown ZnO 
nanorod sample on a-plane sapphire 
 
3.1.2 ZnO nanostructure linear and nonlinear optical characterisation 
Figure 2 shows low temperature PL spectra for the CBD-grown (using forced hydrolysis of 
zinc acetate; samples grown by CBD using the NaOH method showed very weak and in some 
cases undetectable PL emission at low temperatures) and VPT-grown samples on Si 
substrates. Figures 2 (a) and (b) show data for different VPT-grown samples which both 
display strong emission and very narrow bound exciton linewidths. Various spectral features 
can be clearly resolved, including the I2/SX, I6 and I9 lines (following the usual 
labelling).[26] The I6 line at ~ 3.361 eV is present in all our VPT-grown samples due to Al 
impurities because the substrate and reaction mixture is placed in an alumina boat during 
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deposition.[26] The FWHM of this peak is ~ 0.5 meV indicating material of high quality. The 
I9 line is found in the majority of samples and is ascribed to indium; the precise origin of 
indium is uncertain, but it is a common impurity in ZnO and may originate in the source 
powder or from growth system contamination.[27] An emission at ~ 3.367 eV is also 
observed in some samples, corresponding to the surface exciton (SX), assigned to surface 
adsorbed impurities.[28,29] The PL emission from CBD-grown material has also been 
measured, both with and without a final annealing step at 9000C. The PL emission from the 
unannealed CBD-grown layer, shown in figure 2 (c), is extremely weak. After annealing, 
some improvement in the PL intensity was observed as shown in figure 2 (d). However the 
signal intensity is still ~ 100 times weaker than that from VPT-grown samples and the PL 
peak widths are far broader. Thus it is clear that the PL signal quality, in terms of intensity 
and spectral linewidth, is far poorer for the CBD-grown samples, compared to the VPT-
grown samples. Before annealing the sole peak detected in the CBD-grown samples is a 
broad emission at ~ 3.368 eV, but after annealing this is replaced by a peak close to the I9 
position, supporting the assignment of the I9 peak in VPT-grown samples to contamination of 
furnace equipment, as mentioned earlier. 
 
Fig. 2. PL emission at low temperature (~18-20K) from (a) and (b) VPT-grown ZnO nanorod 
samples on Si; (c) CBD-grown ZnO nanorod sample on Si without anneal; (d) CBD-grown 
ZnO nanorod sample on Si following 9000C anneal. The y-axis intensities are comparable in 
all parts of the figure 
 
Figure 3 (a) displays THG spectra for the CBD-grown sample on fused silica and the 
VPT-grown sample on a-plane sapphire under focused illumination by Ti:sapphire laser, with 
conditions as described earlier (the beam splitter in the iFROG set-up has fixed and unequal 
path lengths, leading to a pulse width of ~ 11 fs). Figure 3 (a) also shows surface enhanced 
THG (STHG) from a bare quartz surface, recorded under the exact same conditions. A signal 
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is seen at ~ 272 nm with bandwidth of ~ 20 nm from all samples, and this matches the 
expected spectral position for THG of the 810 nm fundamental laser very well.[30] The 
identification of this signal at 272 nm with THG is further evidenced by the dependence of its 
intensity on the exciting laser intensity, which is shown in figure 3 (b).  
 
 
Fig. 3. (a) THG spectra for the CBD-grown (on fused silica) and VPT-grown (on a-plane 
sapphire) ZnO nanorod samples and for a bare quartz substrate, under focused laser 
excitation; (b) THG intensity variation as a function of exciting laser intensity for both the 
CBD- and VPT-grown ZnO nanorod samples 
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The exciting laser intensity was controlled using neutral density (ND) filters which 
cause temporal broadening of the pulse to ~ 42 fs (as well as chirp), and this causes a 
decrease in the peak intensity of the pulse. The broadening does not vary with the different 
ND filters used and the same laser pulse width was measured for beams which traversed 
different ND filter combinations, as shown in figure 5 below for a number of different 
combinations. The THG signal intensity from the CBD-grown and VPT-grown ZnO nanorod 
samples are comparable. In terms of the spectral details, the VPT-grown sample shows a 
small long wavelength shoulder, a feature also evident in iFROG data in figure 4 below, most 
likely due to different alignment and/or faceting of the ZnO nanostructures grown by CBD 
and VPT. It is known that nonlinear processes in nanostructures are often sensitive to the 
specific crystal termination.[31] 
In figure 3 (b) the integrated 272 nm signal intensity (after baseline correction of THG 
intensity) is plotted versus laser intensity using log-log axes. The order of the nonlinear 
process should be given by the slope of this graph. For the case of both the CBD- and VPT-
grown ZnO samples the slope is 2.8 ± 0.1, almost equal to the value of 3 expected for third 
order processes. The discrepancy from an exponent of 3 is very likely due to the deviation of 
the pulse temporal profile from an ideal “flat-top” profile, a feature which may decrease the 
measured values of the slopes slightly. 
Clearly the THG efficiency of ZnO nanorod samples grown by both CBD and VPT is 
very similar, and in both cases is much greater than that associated with STHG at a bare 
quartz sample surface (at least one order of magnitude greater for the ZnO nanorod samples).  
The results from the characterisation of the nonlinear optical properties of the ZnO nanorod 
samples grown by both CBD and VPT thus differs very greatly from the characterisation 
results of the linear optical properties of ZnO nanorods grown by these two methods, as 
shown by the PL emission data in figure 2 above. The data in figure 2 show that PL from 
CBD-grown ZnO nanorods is always much weaker (and far broader spectrally) at low 
temperatures than that from VPT-grown ZnO nanorods.[2,3] 
3.1.3 ZnO nanorods as frequency converters for third order pulse characterization with 
iFROG  
iFROG data from CBD-grown and VPT-grown ZnO nanorod samples is shown in Figure 4 
and the data from both sample types are very similar (noting the shoulder at longer 
wavelengths for the VPT-grown sample, mentioned earlier). Unprocessed THG iFROG data 
from the CBD- and VPT-grown samples is shown in 4 (a) and 4 (d), respectively. Fourier 
analysis of these data yields the various order frequency components; the DC and first order 
components are used to retrieve pulse shape using two independent approaches and thus 
iFROG allows an internal check on consistency, especially for delay axis 
calibration.[20,21,32] Our analysis concentrates on DC part of the data extracted by Fourier 
filtering and the resultant data are shown in Figures 4 (b) and 4 (e) (CBD- and VPT-grown 
ZnO nanorod samples, respectively). This data is the same as an ordinary FROG trace and 
can thus be processed directly by standard software for pulse retrieval. Here we have used 
commercial software (specified in the Experimental Details section) and the resultant spectral 
signal and spectral phase are given in Figures 4 (c) and 4 (f) (CBD- and VPT-grown ZnO 
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nanorod samples, respectively). The pulse duration is estimated at ~ 11 fs for the case of both 
CBD- and VPT-grown ZnO nanorod samples.  
 
Fig. 4. (a) iFROG trace, (b) FROG and (c) temporal pulse profile of THG from ZnO CBD-
grown nanorods; (d) iFROG trace, (e) FROG and (f) temporal pulse profile of THG from 
ZnO VPT-grown nanorods (no ND filter in beam path for any of these measurements) 
 
 The remaining nonlinear optical studies presented here are for the CBD-grown 
nanorod sample because data for VPT-grown samples are identical in all important respects. 
The time-bandwidth product from FROG analysis was 0.55. An unchirped Gaussian pulse 
has a time-bandwidth product of 0.44 and the larger product in the present case implies the 
presence of quadratic chirp; the curved phase profile in figure 4 (c) also clearly demonstrates 
this chirp which we attribute to the beam splitter of the iFROG system. This beam splitter has 
a quartz substrate of thickness 0.7 mm (from Venteon).  The group delay dispersion (GDD) 
of this substrate is ~ 36 fs2/mm and thus the net GDD (β2) due to this beam splitter is 24 fs2 
(i.e. 36 fs2/mm x 0.7 mm).[33,34] The pulse duration (τ) as a function of GDD is described 
by equation (1.1) below:  
2
2
0 2
0
1 4 ln(2)  βτ = τ + ⋅ ⋅   τ  
     (1.1) 
In equation (1.1) τo = is the unchirped pulse duration (i.e. coming directly from the 
laser).[33–35] Inserting values for τ of 11 fs and for β2 of 24 fs2 into equation (1.1) yields a 
value for the unchirped pulse duration of τo = 7 fs, and this value is very close to the value 
measured by a commercial Few Cycle-Spectral Phase Interferometry for Direct Electric-field 
Reconstruction (FC-SPIDER; Applied Physics and Electronics – APE Ltd., Berlin, Germany) 
system of 6.7 fs. This excellent agreement shows the capability of CBD-grown ZnO nanorod 
samples to accurately recover values for initial pulse durations less than 10 fs.  
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Fig. 5. iFROG trace, FROG and temporal pulse profile, respectively, for CBD-grown ZnO 
nanorods with ND filter optical density 0.04 + 0.04, (a), (b) and (c); with ND filter in path 
with with ND filter optical density 0.04 + 0.2, (d), (e) and (f); with ND filter in path with ND 
filter optical density 0.04 + 0.4, (g), (h) and (i) 
 
In order to examine the pulse diagnostics capability of the ZnO nanorod sample under 
conditions of higher chirp we have measured the pulse parameters after the pulses have 
traversed highly dispersive (HD) optical materials. The HD optical materials employed are 
metal coated ND filters (New Focus, 2 filter wheel system), i.e. those previously employed 
for intensity variation studies shown in figure 2 above. We have used three different filtering 
conditions with quite different transmissions (i.e. ND values of 0.04 + 0.04, 0.04 + 0.2, 0.04 
+ 0.4; the two values are the ND optical densities of the two filters in the tandem set-up). 
Typical iFROG and DC component of iFROG (i.e. FROG) traces as well as pulse temporal 
profiles after traversing the ND filter combination are shown in Figures 5 (a) – (i), again for 
the CBD-grown nanorod sample. The duration of the pulse for all filtering combinations is 
essentially constant at ~ 42 fs. This increase in duration is caused by the very large chirp 
created by the ND filters. We have again used Femtosoft software to extract the spectral 
phase profile of the pulse (data not shown). Employing a standard Taylor series expansion of 
this phase profile gives a value for the GDD, β2 of ~ 90 fs2. By using this value in 
conjunction with the value for τo deduced from the analysis above (7 fs), we can compute the 
broadened pulse duration, using equation (1.1) again, to be ~ 38 fs, a value which is in 
excellent agreement with the experimentally observed pulse width of 42 fs.[33–35] The 
residual discrepancy between the computed and experimental values of ~ 4 fs is because 
equation (1.1) only includes second order chirp (GDD, which is normally the most important 
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term), but neglects third order dispersion (TOD) and higher order terms, and this explains the 
discrepancy. 
4.1 Conclusions 
This chapter has compared the linear and nonlinear optical properties of ZnO grown by CBD 
and VPT. Our data show that the linear optical properties of VPT-grown nanorods are vastly 
better, and PL emission from VPT-grown nanorods is very much more intense, as well as 
displaying much narrower excitonic linewidths at low temperatures. By contrast the nonlinear 
optical properties, such as THG, of the nanorods grown by the two methods are very similar 
and nanorods grown by methods are efficient sources for third harmonic UV generation. The 
THG signal has been studied using intensity dependence which clearly confirms the third 
order nonlinear nature of the spectral signal at ~ 272 nm. ZnO nanorod deposits give THG 
signals more than a factor of ten larger than STHG generated at a quartz sample surface. This 
demonstrates the material’s suitability as an efficient UV generator using nonlinear up-
conversion of red/near IR laser pulses. We have also reported iFROG studies of these ZnO 
nanorod samples, and have measured laser pulse parameters, as well as effects such as pulse 
broadening and chirping caused by ND filters utilised in certain configurations. This work 
clearly shows that ZnO nanorod deposits of this type can efficiently characterize laser pulses 
(of original durations < 10 fs).[36] 
The efficiency of both CBD-grown and VPT-grown ZnO nanorods as third harmonic 
UV generation sources means that a number of growth methods, compatible with various 
substrates and with differing coverage and scalability capabilities, can be confidently used in 
future work to drive forward potential applications in iFROG characterization of ultrafast, 
few cycle, fs pulses as well as in biophysical studies of single cell UV irradiation. 
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